Hedgehog (Hh) signalling in Drosophila inhibits partial proteolysis of the transcription factor Cubitus interruptus (Ci), and the ability of a complex containing Ci and the kinesin-related protein Costal-2 to bind microtubules. These changes are proposed to turn Ci from a repressor to an activator of Hh-target genes.
The localized production of secreted Hedgehog (Hh) family proteins is instrumental in directing positionally appropriate cell fates and cell proliferation in a variety of developmental settings. Although cellular responses to Hh proteins are varied, it is hoped that they might all conform to a common paradigm that is currently being established most actively by molecular genetic analyses in Drosophila. Perhaps universally, but most clearly in the ventral embryonic ectoderm and wing imaginal disc of Drosophila, the objective of Hh signalling is to activate transcription of specific target genes. Several, but certainly not all, of the molecules involved in Hh signal transduction have been identified by inactivating mutations that either block the induction of target genes by Hh or activate the target genes ectopically in the absence of Hh. The existence of recognizable sequence motifs, subcellular localization data and genetic epistasis tests have provided a framework for Hh signalling that is now being bolstered or re-modelled by new information about direct interactions between components and, most importantly, the changes that occur in response to Hh.
The identity of the key Hh target genes depends on cell type -best known are wingless (wg) in ventral embryonic ectoderm and decapentaplegic (dpp) in wing discsalthough the Hh receptor, Patched (Ptc), seems to be expressed in virtually all cell types. Ptc can bind to Hh and also to the seven transmembrane domain protein Smoothened (Smo). ptc mutations elicit ectopic expression of Hh target genes, whereas smo mutations block the target gene expression induced by either Hh or a ptc mutation. It is thought, therefore, that Ptc inhibits Smo activity in the absence, but not the presence, of an Hh signal [1] . It is curious, however, that there are no known ptc mutations that selectively impair Hh binding and, therefore, simply block Hh signalling; also no biochemical activity of Smo has been directly assayed. The expectation that Smo regulates the activity of a G protein has not yet been publically substantiated, and so the immediate effectors for Smo remain unknown.
The only DNA-binding protein genetically implicated in Hh signal transduction is Cubitus interruptus (Ci). Ci has five zinc finger motifs, and is similar enough in this domain to vertebrate Gli proteins to recognize the same DNA binding site. Ci is required for Hh to induce transcription of wg and ptc in Drosophila embryos, and three Ci binding sites lie within an Hh-responsive element in the ptc promoter, suggesting a direct role for Ci as a transcriptional activator in the Hh response [2] . As Ci overexpression can induce Hh target genes in the absence of Hh, and Hh signalling was initially reported to increase Ci protein concentration, it seemed that the latter change might be the key focus of Hh signal transduction [2] [3] [4] . It is now apparent, however, that Hh does not substantially affect total Ci protein concentration. Instead, recent reports indicate that Hh regulates the proteolytic processing of Ci and the association of a Ci-containing complex with microtubules.
Aza-Blanc et al. [5] have found that full-length Ci protein (Ci-155) can be cleaved to produce a stable aminoterminal fragment (Ci-75), and that exposure of cells to Hh inhibits this cleavage. A frequently used monoclonal antibody only detects Ci-155, accounting for the previous misconception that Hh increases total Ci protein concentration. Rather, Hh increases the concentration of Ci-155 protein at the expense of Ci-75. The Ci-155-specific monoclonal antibody detects only cytoplasmic protein, whereas antibodies that recognize both forms of Ci also detect nuclear protein -presumably Ci-75 -the concentration of which is diminished in cells responding to Hh [5] . Thus, contrary to the simplest expectations, Hh signalling reduces the concentration of detectable nuclear Ci protein.
The proposed resolution to this paradox is that Ci-75 acts exclusively as a repressor of Hh target genes, and so Hh signalling leads to target gene de-repression [5] . Furthermore, if the activator form of Ci, which remains ill defined, is Ci-155 (as opposed to an uncharacterized derivative), then its concentration will be increased in response to Hh, presumably leading to enhanced activation of target genes. Several observations support this model. First, the transcriptional co-activator CBP is required for normal Hh signalling and can bind to a region of Ci-155 that is absent from Ci-75 [6] , suggesting that Ci-75 may lack a critical activation domain. Second, loss of ci activity in wing disc cells can induce expression of dpp (but not ptc), demonstrating that a ci gene product normally represses expression of at least one Hh target gene [3] . It is not known if a Ci protein represses dpp directly or, for example, by inducing expression of a dpp repressor. Third, the product, 'Ci-76', of a transgene designed to encode a protein of similar size to Ci-75, was largely nuclear and opposed the activation of ptc expression by Hh [5] . However, the collective evidence that Ci-75 represses Hh target genes is certainly not definitive. For example, it is possible that Ci-75 is subject to modifications or associations during its biogenesis that endow it with properties significantly different from Ci-76. Also, in the absence of any other demonstrably nuclear form of Ci, it is hard to dismiss the possibility that at least a sub-population of Ci-75 might be able to activate transcription.
The questions of how Hh regulates Ci processing and whether Ci cleavage dictates Hh target gene expression have also been approached by examining the action of molecules thought to bridge the communication gap between Smo and Ci. At first glance, the increased staining with the Ci-155-specific antibody that accompanies ectopic Hh target gene expression in protein kinase A (PKA) or costal2 (cos2) mutant cells [7] emphasizes the importance of the regulation of Ci processing, and suggests that PKA and Cos2 may be molecular intermediaries between the Hh receptor and the proteolytic machinery. Cos2 was recently welcomed into molecular models of Hh signalling as it can be co-immunoprecipitated with Ci and Fused (Fu), another Hh signalling component, from embryo extracts.
Cos2 complexes have not been purified from cells, but the co-migration of Cos-2, Fu and Ci on gel filtration at around 500-700 kDa suggests the existence of a single complex that may include several additional components [7, 8] . It is not known which interactions are direct, but a similar sized complex including Fu and Cos-2 is found in S2 tissue culture cells that do not express detectable levels of Ci, showing that complex formation does not depend on Ci [8] . Cos2 shows sequence similarity to kinesins, and a purified Cos2 fusion protein can bind microtubules in vitro [7] . Furthermore, in embryo extracts, Ci, Fu and Cos2 can all associate with taxol-stabilized microtubules, presumably because Cos2 mediates association of the complex with microtubules [7, 8] . From both sequence considerations and the effects of ATP on microtubule binding, it is thought that Cos2 is unlikely to translocate along microtubules.
A key question is how Hh signalling affects complex formation and microtubule binding. In S2 cells, the ability of Cos2 and Fu to bind taxol-stabilized microtubules is lost in response to Hh signalling, even though the size of Fu-Cos2 complexes -in extracts containing only depolymerized microtubules -remains ostensibly unchanged [8] . Both Fu and Cos2 become hyperphosphorylated in response to Hh in S2 cells, but there is no additional evidence to judge whether either of these changes in phosphorylation state regulates the ability of the proteins to bind microtubules [8] .
Nevertheless, if we can extrapolate from S2 cells to flies, and from the ability to bind microtubules in vitro to association with microtubules in vivo, it would appear that both Hh signalling and cos2 mutations lead to dissociation of Ci complexes from microtubules, decreased Ci-155 proteolysis and activation of Hh target genes. We may then ask how these three responses are causally related. The simplest hypothesis is that microtubule dissociation is the primary response to Hh, that Ci is only susceptible to proteolysis when associated with microtubules and, as argued earlier, that the ratio of Ci-155 to Ci-75 is a key determinant of Hh target gene activation (Figure 1) . Whether dissociation of Ci-155 from microtubules is, in itself, an important step in the generation of a Ci activator is an open question.
In this model, what would be the roles of PKA and Fu? PKA inhibition reduces Ci-155 cleavage in the absence of Hh, whereas PKA hyperactivity can effectively oppose the actions of Hh on Ci processing, as judged by antibody staining in embryos [9] . Thus, PKA normally promotes Ci cleavage, perhaps by increasing the association of Ci with microtubules. Despite the potential biochemical connection of PKA with Smo and G proteins, Hh does not appear to act by modulating cAMP levels, as Hh can signal normally in cells containing only an altered form of PKA that is insensitive to cAMP concentration [9] .
Decoding the role of Fu is a challenge. Hh signalling is abolished in embryos, and impaired in wing discs, by point mutations in the protein kinase domain of Fu, or by truncations distal to the kinase domain that prevent complex formation with Cos2 [8] . These observations suggest a role for Fu kinase activity within the Cos2-Fu-Ci complex. In the context of the above model, however, it is unlikely that Fu kinase activity is required for recruitment of Ci into the complex, or for Hh-regulated association with microtubules, because mutations of the Fu kinase domain do not block the effect of Hh on Ci cleavage (J.T. Ohlmeyer, personal communication). Instead, the latter fu phenotype suggests that Ci processing cannot fully account for Hh signalling, a theme that is echoed by the results of manipulating PKA activity in embryos.
PKA inhibition in embryos, as in imaginal discs, produces a large Hh-and Smo-independent decrease in Ci cleavage, inferred from antibody staining data. Nevertheless, wg expression in these embryos still depends on the activities of Hh and Smo, implying that there is a second, as yet uncharacterized consequence of Hh signalling that complements the effects of Hh on Ci processing [9] . The additional finding that hyperactive PKA induces wg expression without any discernible inhibition of Ci cleavage provides further evidence of a biochemical pathway that can activate Hh target genes without affecting Ci processing, and also implies a second role for PKA in Hh signalling [9] . A possible focus for Fu and the second actions of Hh and PKA might be to increase the specific activity or nuclear access of the activator form of Ci. Alternatively, Hh signalling might activate additional transcription factors that collaborate with Ci in realizing the nuclear response to Hh.
To what extent are these proposed principles and mechanisms applicable to signalling by vertebrate Hedgehog proteins? No vertebrate homolog of Fu or Cos2 has yet been identified, and there is currently no information available on processing of the Ci-related Gli proteins. Indeed, current evidence favours the view that different Gli proteins activate (Gli-1 and perhaps Gli-2) or repress (Gli-3) Hh target genes [10] [11] [12] . As Gli-1 transcription can Dispatch R761 be induced, and Gli-3 transcription repressed, by Sonic Hedgehog (Shh), transcriptional control may substitute for proteolytic processing in regulating the concentration of Gli family repressors and activators. Clearly, however, these transcriptional changes cannot explain the initial transduction of a Shh signal. Also, closer parallels to Drosophila are implied by the ability of PKA to antagonize Hh signalling in vertebrates, and some co-localization of GLI-3 with microtubules has been reported [11] . So it may be that the association of Gli family proteins with microtubules is regulated and functionally significant in the transduction of Hh signals in both Drosophila and vertebrates.
